We investigate upper mantle anisotropy beneath the Pyrenean range along three N-S profiles across the mountain belt. The results of a first profile that operated in 1993 in the central part of the belt have been presented elsewhere. We present the results of two other profiles that ran in 1995-1996 and 1996-1997 in the eastern and western part of the belt, respectively and propose an interpretation of the whole results. Teleseismic shear waves (SKS, SKKS, and PKS) are used to determine splitting parameters: the fast polarization direction φ and the delay time δt. Teleseismic shear wave splitting in the eastern Pyrenees displays homogeneous φ values trending N100°E and δt values in the range 1.1 to 1.5 s. A station located in the southern Massif Central, 100 km north of the range, is characterized by different splitting parameters (φ = N70°E, δt = 0.7 s). In the western part of the belt, anisotropy parameters are similar across the whole belt (φ = N110°E and δt = 1.3 to 1.5 s). Most of the measured delay times, including those obtained in the central part of the range, are above the global average of the SKS splitting (around 1 s). At the belt scale, φ is generally poorly correlated with recent estimations of the absolute plate motion, which predicts a fast direction ranging between N50°E and N80°E. Instead, the orientation of φ (N100°E) is parallel to the trend of the Pyrenean belt but also to Hercynian preexisting structures. This parallelism supports an anisotropy primarily related to frozen or active lithospheric structures. We show that a signature related to the Pyrenean orogeny is likely for the stations located in the internal domains of the belt. By contrast, the anisotropy measured at the stations located on the external parts of the belt could reflect a pre-Pyrenean (Hercynian) deformation. We suggest that a late Hercynian strike-slip deformation is responsible for this frozen upper mantle anisotropy and that the Pyrenean tectonic fabric developped parallel to this preexisting fabric. Finally, no particularly strong splitting is related to the North Pyrenean Fault, commonly believed to represent the plate boundary between Iberia and Eurasia.
Introduction
Although rock physics indicates that lithospheric behavior is primarily controlled by its upper mantle constituent, our knowledge of plate tectonics mainly derives from surface geology and crustal structures inferred from geophysical data. This last decade, however, shear wave splitting has been used as a mean to fill this gap. From indirect investigation of pervasive upper mantle structures [see Silver, 1996 , and references herein], seismic anisotropy has become a new tectonic tool to characterize upper mantle flow. Seismic anisotropy at great depth is indeed broadly accepted to result from intrinsic elastic anisotropy of rock-forming minerals and from their preferred orientations developed in response to tectonic flow. Olivine, which represents Kornprobst, 1984] . South of the Paleozoic Axial Zone, the South Pyrenean Zone is made of Mesozoic and Cenozoic sedimentary nappes overthrusting the Ebro basin to the south.
Since teleseismic shear wave splitting is a marker of upper mantle tectonic fabric, our aim is to give some insights into the deep structures of the Pyrenees and to investigate the influence on seismic anisotropy of the various tectonic episodes that occurred in the Pyrenees. We focus our discussion on the upper mantle accommodation of the relative strike-slip motion and collision between the plates, on the signature of the North Pyrenean Fault and also on the departure of the belt from cylindrical symmetry. The role of present-day tectonics and the influence of preexisting structures is also discussed.
Data and Results
Teleseismic events were recorded during three experiments along N-S profiles (see station location Figure 1 ): the first experiment described by Barruol and Souriau [1995] ran in 1993 in the central part of the belt; the second experiment ran in 1995-1996 across the eastern Pyrenees, and the third one ran in [1996] [1997] in the western part of the belt.
For the eastern experiment, eight broadband three components seismic stations from the French LITHOSCOPE network were installed between the southern Massif Central (France) and Barcelona (Spain) . Four additional stations from the Institute of Earth Sciences from Barcelona were installed for a few months on the Spanish side of the belt, either at sites later occupied by LITHOSCOPE stations (ORG and ALB) or at sites in the Catalan coastal ranges (BRU and FNM). These stations provide anisotropy measurements laterally off the N-S profile (see Table 1 for the station location). The experiment ran between January 1995 and April 1996. Continuous recording at 15 samples per second with Lennartz 5 s sensors allowed us to select and extract teleseismic events of convenient distances and magnitudes suitable for SKS, SKKS and PKS splitting measurements. From the whole data set of teleseismic events located at a distance greater than 85° and magnitude greater than 5.8, about 40 events were kept after visual inspection (Table 2 ). In order to avoid noise contamination of the splitting measurements, only events characterized by signal to noise ratio of the SKS phase higher than 2 were kept.
For the western profile, six broadband or intermediate period, three-component stations from the LITHOSCOPE network and from the Pyrenean seismic survey network were installed during the period July 1996 to May 1997. Unfortunately, these stations did not record continuously, and due to small data storage capacity, a rather high threshold in record triggering was used. Moreover, the proximity of the Atlantic Ocean induces a high level of microseismic noise. This explains the smaller number of events obtained during this experiment.
The splitting of seismic shear waves is a direct effect of seismic anisotropy: If one excepts the case where the incidence plane is coincident with one of the polarization plane, a polarized shear wave crossing an anisotropic medium is split into two perpendicularly polarized waves that propagate at different velocities. Anisotropy parameters may be retrieved from threecomponent seismic records: the difference in arrival time (δt) between the two split waves, which depends on the thickness and intrinsic anisotropy of the anisotropic medium, and the orientation of the split waves polarization planes (φ for the fast wave), which are related to the orientation of the structure. The shear wave splitting measurements were obtained using the Silver and Chan [1991] algorithm. This method assumes a hexagonal symmetry of anisotropy with a horizontal symmetry axis and determines the anisotropy parameters, φ and δt, that best removes energy on the transverse component of the seismogram for a selected time window. Some examples of splitting measurements are shown Figure 2 . Despite the small number of measurements performed in western Pyrenees, event 97023 recorded at AUS and LEI provides an example of a well constrained result. Event 95291 in eastern Pyrenees (TRG) and southern Massif Central (FRS) gives a less constrained measurement but clearly shows a different signature between the two areas.
The event origins and locations (Table 2) are taken from the P y r e n e a n A x i a l Z o n e N o r t h P y r e n e a n Z o n e S o u t h P y r e n e a n Z o n e N o r t h P y r e n e a n f a u l t C o a s t a l r a n g e s M o n t a g n e N o i r e U.S. Geological Survey (USGS) Preliminary Determination of Epicenters, and the phase arrivals were computed using the IASP91 Earth reference model [Kennett, 1995] . Most individual measurements were performed on earthquakes occurring at distances in the range 85 to 115°. The SKS phase was generally used, but for some events, the whole SKS + SKKS wave train was selected. For some events occurring at distances between 130 and 140°, PKS and SKKS phases gave good results (event 95226, for instance). Many events do not show any evidence of signal on the transverse component. Such events, are classically considered as "null" results and indicate either that there is no anisotropy beneath the station or that the initial polarization direction of the S K S wave is parallel to the fast or slow direction in the anisotropic layer. This second possibility is the only considered when non-null measurements are obtained at the same station. These null results are also shown in Figure 3 , on the right. Table  3 summarizes the individual splitting parameters. For each, we report the split phase on which the measurement has been performed, the distance and backazimuth of the event, and the splitting parameters (φ, δt) with their 1σ uncertainty, determined from the 95% confidence interval in the (φ-δt) domain. We also ascribe a quality factor (good, fair, or poor) to the measurements depending on the signal to noise ratio of the initial phase, the rectilinear polarization of the particle motion in the horizontal plane after anisotropy correction, and the wave form correlation between the fast and slow split shear waves. This evaluation of the quality is particularly useful in temporary experiments, when relatively few data are available. Few individual measurements were performed on earthquakes occurring at distances less than 85°. Event 95231, occurring at a distance of about 78° is one of the exceptions: at this distance, and given the depth of this event (125 km), the sSKS phase arrives after the S, ScS, and sS phases. Splitting measurements on such sSKS phases have been done with confidence because the S and ScS phases were impulsive and did not appear to contaminate the following sSKS phase. A second exception is event 97084, at a distance of 82°. Since this event is very deep (609 km), we assumed that the splitting occurs primarily beneath the station and not at the source and used the direct S wave to characterize the anisotropy. A strikingly large difference in the number of splitting measurements appears between the eastern and the western stations ( Figure 3 ). This is mainly related to two factors: the eastern experiment ran for a much longer time (16 months as compared to 10 months in the western Pyrenees) and also continuous recording strongly increased the number of available data. It appears from Figure 3 and Table 3 that good measurements at a given site may display some variations in splitting parameters (10 to 20° in azimuth and 0.1 to 0.2 s in delay time); this may result from lateral heterogeneities, but this may also indicate that the initial assumptions used for calculations are not fulfilled, that is, that several layers of anisotropy exist beneath the station and/or that the anisotropy symmetry axis is dipping. Such structures should result in an apparent variation of the splitting parameters correlated with the event backazimuth, with a periodicity of π/2 and π, respectively [Savage and Silver, 1993; Silver and Savage, 1994] . No such systematic variation is clearly detected, but the amount of data obtained during the temporary experiments is too small to allow a confident characterization of such properties. In most cases, however (if we except FRS, see discussion below), 95% confidence intervals overlap in the φ-δt plot, and individual splitting measurements display a coherent pattern of nulls and non nulls, suggesting a model of anisotropy dominated by a single anisotropic layer.
We test the dependence of the splitting parameters on the signal frequency because it may give some insights on the degree of heterogeneity of the anisotropic layer and on the lateral or radial variations of the structures [Marson-Pidgeon and Savage, 1997 ]. On few constrained events (97023 at LEI and AUS and 95291 at TRG), we used the method from Marson-Pidgeon and Savage [1997] in which the splitting parameters are analyzed as a function of the dominant period of the split phase. We filtered the signal using narrow band-pass filters and determined the corresponding splitting parameters. By slightly moving the bandpass window in the frequency domain, we investigated possible variations in the φ-δt parameters as a function of the dominant signal frequency. No significant variation of the parameters is observed, suggesting rather homogeneous anisotropic structures. However, the sensors band pass (0.1-10 Hz) impedes investigation on a broad range of periods, which could allow more reliable conclusions on the upper mantle heterogeneity. The general coherency of the results allowed us to calculate the mean splitting parameters at each site. We used the averaging method presented by Silver and Chan [1991] , which weights each individual measurement by its 95% confidence interval (reported in Table 3 ), so that poorly constrained results are have only a small contribution to the mean result. In order to test the validity of the result, we determined the mean splitting parameters (φ, δt) using three sets of data: (1) the whole set of measurements, (2) only good and fair measurements, and finally, (3) good measurements only. The results obtained from the three different data sets are consistent: φ and δt variations do not exceed ±5° and ±0.1 s, respectively. Therefore the mean splitting results presented in Table 1 and plotted in Figure 4 are based on the whole data set. GRF is the only station at which large variations in δt are observed depending on the averaged data: δt decreases from 1.75 s for the whole data set (14 measurements) to 1.56 s when four poor measurements with very high δt (above 2.0 s) are removed.
In the eastern part of the belt, most of the stations are characterized by a fast direction φ trending N90°E to N100°E and by rather high δt values in the range 1.0 to 1.7 s (see Table 1 and Figure 4 ). These results are generally well constrained by numerous splitting measurements. Except at station ORG, FNM, and BRU, average splitting parameters are calculated from more than five individual measurements and often from more than 10 measurements. No systematic variation of δt is observed across the belt, and particularly across the NPF, as in the central Pyrenees, indicating the absence of significant lateral variations in the anisotropy magnitude at depth. The φ trend observed at FNM in the Coastal Ranges (N120°E) seems to be slightly different than at the other stations, but it derives from a single measurement. No particularly strong δt is found at BSD, the station located close to the North Pyrenean Fault. Anisotropy in the southern Massif Central clearly contrasts with the rest of the profile, in trend, magnitude but also in quality. At FRS, the azimuth of the fast split shear wave trends around N75°E, the delay time seems to be significantly smaller than at the other stations (around 0.7 s), and some nulls are inconsistent with non-null splitting measurements. This pattern may be related to complex upper mantle structure beneath this station, such as dipping structures, heterogeneities, or multiple anisotropic layers.
In the western part of the belt, although the results derive from a much smaller data set, some high-quality events (see Figure 2 ) allow us to interpret the final results with confidence. The most striking feature is the homogeneity of the results across the belt: φ trends around N110°E and δt is homogeneously high, around 1.3 to 1.4 s. As in the eastern Pyrenees, no specific anisotropy signature is observed at the station closest to the NPF (LAR).
The anisotropy study in the central Pyrenees [Barruol and Souriau, 1995] led to the main following results: (1) the anisotropy in the Pyrenean units belonging to the Iberian plate is homogeneous with splitting parameters, φ ≈ N100°E and δt in the range 1.3 to 1.5 s. (2) North from the NPF, anisotropy in the North Pyrenean Zone is characterized by varying φ (from N70°E to E-W) and smaller δt (0.6 to 1.0 s).
Splitting measurements obtained from the three profiles, together with those obtained at the NARS station NE10 [Souriau and Njike-Kassala, 1993] , allow us to define some general characteristics: On the Iberian plate, φ homogeneously trends around N100-110°E, and δt is rather large, typically in the range 1.1 to 1.5 s. On the other hand, the abrupt variation in splitting parameters across the North Pyrenean Fault observed in the central Pyrenees is not observed in the eastern and western portions of the belt. Instead, φ is rather stable along the eastern profile (around N100°E) except for stations out of the range (FRS in the Massif Central and FNM in the Catalan Coastal ranges). Interestingly, GRF, also out of the range has one of the highest δt o f t h e p r o f i l e ( 1 . 7 5 s ) . 
The Lithospheric Origin of the Anisotropy
Although it is widely accepted that a major part of the teleseismic shear wave splitting occurs in the upper mantle, the lack of vertical resolution in measurements of core shear waves splitting let open the investigations about the asthenospheric and/or lithospheric origin of the splitting. Inferences about the source regions of anisotropy and the processes that generate mantle deformation fabrics may be drawn through a comparison of anisotropy signatures expected from these processes and observed splitting parameters.
In the central Pyrenees, the short-scale variation of the anisotropy parameters and their correlation to the NPF, as well as the better correlation of the azimuth of the fast split direction with lithospheric structures rather than with absolute plate motion orientation, led Barruol and Souriau [1995] to suggest that the anisotropy is predominantly of lithospheric origin.
In light of the new data presented in this work, this discussion has to be updated. We first compare our observations with the anisotropy predicted from absolute plate motion (APM). Assuming a flat geometry of the lithosphere/asthenosphere boundary, asthenospheric drag beneath a lithospheric plate would result in φ oriented parallel to the plate motion vector [Tommasi et al., 1996; Vinnik et al., 1992] . The HS2-Nuvel1 and NNR-Nuvel1 absolute plate motion models predict asthenospheric flow beneath the Pyrenees trending about N45°-N50°E [DeMets et al., 1990; Gripp and Gordon, 1990] . These predictions, however, are poorly constrained for the Eurasian plate because of the very low velocity of this plate and because no local hot spot tracks were incorporated into the HS2-Nuvel1 model to constrain local APM. J. Morgan (personal communication, 1996) defined a model incorporating hot spot tracks on the Eurasian and African plates which gives a APM trending N80°E with a velocity of about 5 mm/yr in the Pyrenees. Excepted for the Massif Central station FRS, none of the measured fast polarization direction is close to the prediction for any model. The misfit reaches 20-30° using Morgan's APM and 50 to 60° using HS2-Nuvel1 APM. Second, short-wavelength variations in the splitting parameters found in several places in the eastern Pyrenees are hardly compatible with a deep source (deeper than 100 km) of anisotropy related to largescale mantle shear flow. For instance, significant δt variations are observed between TRG (δt = 1.45 s) and VIL (δt = 1.07 s) less than 50 km apart. Third, the observed φ directions correlate well with the outcropping lithospheric structures: φ is parallel to the Pyrenean and Hercynian pervasive structures of the Pyrenees. Fourth, the largest δt are generally observed on the Iberian plate, which was found, from P wave residuals [Poupinet et al., 1992] , to have a thicker crust and lithosphere than the adjacent European plate. This apparent correlation of δt with lithospheric thickness is compatible with a lithospheric origin of the anisotropy. Fifth, it is also interesting to note that Pn tomography [Granet et al., 1997 ] reveals a P wave anisotropy of about 4% trending roughly E-W in the central and eastern Pyrenees. This fast P wave direction in the uppermost lithospheric mantle is compatible with our SKS splitting observations and clearly argue for a subcrustal, lithospheric anisotropy.
More complex asthenospheric models of forced flow around complex geometry of the lithosphere-asthenosphere boundary have been suggested [Bormann et al., 1996] to integrate shortscale anisotropy variations in an asthenospheric mantle flow. The tomographic studies [Souriau and Granet, 1995] , P residuals [Poupinet et al., 1992] or electromagnetic soundings [Pous et al., 1995] support the existence of a downward lithospheric bending of the Iberian lithosphere but do not give evidence of shortwavelength sublithospheric heterogeneities.
Observations in the eastern and western Pyrenees therefore strengthen the previous conclusions inferred from the central Pyrenees measurements, that is, that the anisotropy appears to correlate better with the uppermost mantle structures rather than with an asthenospheric flow beneath the plate. Obviously, this latter contribution cannot be reasonably rejected from our observations, but if present, it seems to be much smaller than the lithospheric effect.
Seismic Anisotropy and Deep Structures of the Belt
Considering that uppermost mantle structures dominates our shear wave splitting measurements in the Pyrenees, it is worth comparing our results to other geophysical data available for this belt. At the crustal scale, an asymmetric structure of the belt is well established by various methods, particularly for the central Pyrenees: balanced cross sections [Séguret and Daignières, 1986] show that the Iberian crust was much thicker than the Eurasian margin after the rotation of Iberia 107-90 Myr ago. This N-S crustal asymmetry is still present as imaged from seismic refraction profiles [Daignières et al., 1982] and has been largely confirmed by the ECORS vertical seismic reflection experiment [Roure and ECORS Pyrenees Team, 1989 ]. In the central part of the range, the Iberian crust is 15 km thicker than the Eurasian crust.
The N-S asymmetry of the belt has also been imaged at lithospheric scale in the central Pyrenees. Interpretation of P travel time residuals [Poupinet et al., 1992] confirms the large Moho vertical offset and also suggests an Iberian lithosphere thicker than the Eurasian one. The seismic tomography of the belt [Souriau and Granet, 1995] reveals, at upper mantle depths (between 50 and 100 km) beneath the Pyrenean Axial Zone (see Figure 5a ), a prominent E-W trending low-velocity anomaly, contrasting with high velocities observed beneath the NPZ and Aquitaine Basin. This anomaly was interpreted as an incipient subduction of Iberian lower crust beneath the Eurasian plate. A similar conclusion was reached independently by Pous et al. [1995] from magnetotelluric soundings along a N-S profile in the Table 3 ). For null measurements, we represents backazimuth (radial direction) of unsplit events. We also plot the perpendicular (transverse) direction that may correspond to the fast or slow direction in the anisotropic layer. For each station, we report the calculated splitting parameters. The shear phase is indicated together with a quality of the measurements (g, good; f, fair; p, poor). For "null" results (events for which no signal has been found on the transverse component) only the distance and backazimuth are reported. central Pyrenees. Their observations revealed a highly conductive body beneath the Pyrenean Axial Zone down to 80 km depth, which contrasts with a highly resistive upper mantle farther north. They interpret this anomaly as subducted crustal material, with possible partial melt beneath the PAZ. Some interesting features appear combining our shear wave splitting observations with upper mantle seismic tomography results (Figure 5a ). In the central and eastern Pyrenees, large δt are observed at stations located above the low-velocity anomaly in the upper mantle, whereas smaller values are observed at the periphery. This could suggest that dipping lithospheric material, for which the crustal part only is visible in tomographic maps, is responsible for the large splitting. However, in western Pyrenees, where no subduction took place, large δt values are also observed. Thus another explanation has to be found. The splitting parameter pattern, however, confirms the departure from cylindrical symmetry previously observed from other geophysical data.
An E-W elongated negative Bouguer gravity anomaly [Casas et al., 1997; De Cabissole, 1989; Grandjean, 1994; Torne et al., 1989] beneath the Axial and South Pyrenean Zone (Figure 5b) is consistent with an abnormally thick Iberian crust. High positive Bouguer anomalies in the North Pyrenean Zone are likely related to a thinner Eurasian crust and to mantle intrusions within the crust along the belt; some of the latter are observed in crustal seismic tomography studies [Grandjean, 1994; Souriau and Granet, 1995] . Combining anisotropy information together with the Bouguer anomaly map (Figure 5b) does not reveal any significant correlation, indicating that the source of anisotropy is located beneath the source of this gravimetric anomaly, i.e., at subcrustal levels. This is true even for stations located at the two prominent gravity anomalies ("Saint Gaudens" and "Labourd" anomalies) in the western and central Pyrenees, which are interpreted as due to the presence of an upper mantle body at crustal depth [Grandjean, 1994; Torne et al., 1989] .
Tectonic Origin of Anisotropy
The tectonic evolution of the Pyrenean domain was long lasting and continues today. Several deformation episodes may have contributed to the lithospheric fabric responsible for seismic anisotropy. Possible origins of anisotropy are discussed from present-day to past tectonic processes: today's state of stress, pervasive deformation related to the Pyrenean orogeny and pre-Pyrenean pervasive structures.
Stress-Induced Anisotropy and Crustal Contribution to Shear Wave Splitting
Microcrack-induced anisotropy [Crampin, 1984] may explain delay times of a few tenths of seconds and is generally correlated to the state of stress in the upper crust. The present-day state of stress in the Pyrenees is characterized by rather complex pattern. The world stress map [Zoback, 1992] shows maximum horizontal stress directions in the western Pyrenees varying from NW-SE to NE-SW over short distances. Regional earthquake focal mechanisms [Delouis et al., 1993; Rigo et al., 1997 ] indicate a complex stress field in the Pyrenees. Interpolation of the stress data in France provided by Rebai et al. [1992] seems however to indicate a maximum horizontal compressive direction oriented roughly N-S in the eastern and central Pyrenees and NW-SE in the western Pyrenees. Assuming a stress-controlled anisotropy, the fast split shear waves should parallel open microcracks and therefore the trend of maximum compression direction, a situation which is clearly not observed. From the lack of correlation of the anisotropy with present-day stress field in the Pyrenees, we conclude that microcracks-induced anisotropy in the upper crust does not dominate the observed shear wave splitting. The N-S direction of compression observed in the crust reflects the presentday convergence of the plates. At upper mantle level, this compression may currently produce an E-W trending fabric, compatible with our measurements. We discuss these possible processes in section 5.3.
Lower crustal shear wave splitting is difficult to detect, but several studies [e.g., Herquel et al., 1995; McNamara and Owens, 1993] indicate that 0.1 to 0.3 s delay times could be attributed to pervasive lower crustal fabric. These observations are in agreement with petrophysical predictions based on typical crustal fabrics that lead to delay times of around 0.1 s per 10 km thickness of anisotropic medium [Barruol and Mainprice, 1993] . In summary, the crust likely contributes to the total splitting (up to 10 to 20% of the observed delays) but cannot alone explain our observations (delay times higher than 1 s and often around 1.5 s).
Paleogene and Neogene Deformations in the Catalan Coastal Ranges
The Miocene opening of the western Mediterranean basin (21 Ma) was preceded by Oligocene extensional tectonics (25 Ma) along the northeastern part of the Iberian continental margin where two of our stations (FNM and GRF) are located. This extension created the Valencia trough, southeast of Barcelona [Banda and Santanach, 1992] and induced the uplift of the rift's shoulder and the formation of the Catalan coastal ranges ( Figure  1) . The related crustal thinning is well imaged by seismic reflection profiling of the Iberian margin [e.g., Gallart et al., 1994] that shows a crustal thickness reduced from 30 to 15 km over a few tenths of a kilometer offshore. Crustal extensional structures exposed in the Catalan coastal ranges are NE-SW trending grabens associated to NW-SE transcurrent faults [Vegas, 1992] . Although crustal thinning related to the Valencia trough opening seems to be restricted offshore, the Miocene paleostress directions as deduced from brittle structures onshore are consistent with an EW to NW-SE direction of extension [Bartrina et al., 1992] .
Assuming coherent deformation of the lithosphere, the upper mantle stretching related to this tectonic episode beneath the Catalan coastal ranges should result in a shallow to moderately dipping foliation and in an E-W to NW-SE trending flow direction (lineation). The corresponding anisotropy should trend parallel to the flow direction. Our observations at FNM (φ = N120° but deduced from a single measurement) and at GRF (φ = N86°) may be compatible with such a trend. However, upper mantle xenolith seismic properties are such that a flat-lying foliation is weakly anisotropic (< 2%) for a vertically propagating shear wave [Ji et al., 1994; Mainprice and Silver, 1993] . The strong anisotropy recorded at GRF (δt = 1.75 s) is therefore hardly compatible with this explanation alone. A Miocene anisotropy may be superimposed on the Hercynian fabrics at the base of the lithosphere on the eastern edge of the Pyrenees but two anisotropies of different ages with similar orientations cannot be distinguished by the method. However, the homogeneity of the Barruol and Souriau [1995] in the central Pyrenees, and from Souriau and Njike-Kassala [1993] for the NARS station NE10. For each station, the mean value deduced from individual splitting measurements is represented by a circle whose radius is proportional to δt; the solid segment represents the azimuth of the fast direction φ.
results obtained in the eastern Pyrenees with those obtained from the central and western profiles suggests that extension-related fabric does not dominate the signal.
Pyrenean Anisotropy
The Pyrenean orogeny can be divided into two distinct phases:
(1) rotation of Iberia with respect to Eurasia during Albian-Cenomanian times (100 Ma) that resulted in a large left-lateral strike-slip motion and in the thinning of the Eurasian margin. Related to this tectonic episode is a mantle upwelling responsible for both emplacement of the upper mantle slices in the shallow crust [Vielzeuf and Kornprobst, 1984] and high-temperature metamorphism [Golberg and Leyreloup, 1990] affecting the rift sediments (the present-day North Pyrenean Zone); (2) N-S collision that began at late Cretaceous (about 80 Ma) but culminated during Eocene times, about 45 Ma [e.g., Choukroune, 1992] . From the plate reconstruction [Choukroune, 1992; Olivet, Souriau and Granet [1995] . The low-velocity body beneath the axial zone is interpreted as Iberian lower crust subduction. (b) Bouguer anomaly adapted from Grandjean [1992] and De Cabissole [1989] . Note the low and broad anomaly parallel to the trend of the belt corresponding to the Iberian crust thickening toward the north and the high anomalies in the NPZ corresponding likely to upper mantle bodies at crustal depth. 1996], the total strike-slip displacement is estimated around 200-300 km, and the proposed N-S shortening during the collision between the two plates is probably around 100 km. Figure 6 shows a possible interpretation of the origin of the anisotropy through successive cartoons from late Hercynian event to present-day situation.
During the Albian-Cenomanian strike-slip motion of the plates, the lithosphere is extremely thinned, and the flow direction in the asthenospheric mantle wedge beneath the rifted domain is expected to be roughly parallel to the rift direction (Figure 6b ). The narrowness (less than 20 km) of the domain affected by crustal deformation and high-temperature metamorphism suggests that the upper mantle rifted zone is narrow too. Taking into account upper mantle seismic properties determined from xenolith studies [Ben Ismail and Mainprice, 1998; Ji et al., 1994; Mainprice and Silver, 1993] , the related anisotropy at that stage is expected to be characterized by a φ trending parallel to the trend of the belt.
The N-S Eocene collision resulted in crustal shortening accommodated by thrusts and nappes and incipient crustal subduction. Considering that this collision involved an extremely thinned lithosphere, the N-S closure of this domain may have resulted in E-W flow of the asthenospheric mantle beneath the North Pyrenean Zone but also in a high-temperature deformation of the two lithospheric walls (Figure 6c) . A similar process of lateral mantle flow has been previously proposed by Russo and Silver [1994] to explain splitting measurements in western South America. In the Pyrenees, such deformation should result in E-W preferred orientation of olivine a axis, similar to the fabrics expected during the previous strike-slip episode. We note that the lateral anisotropy variations along the North Pyrenean Zone are consistent with the hypothesis of material extrusion in front of the . This episode is accompanied by asthenospheric upwelling, lherzolite emplacement at very shallow depth, and high-temperature metamorphism of the rift sediments. We propose that both the asthenospheric wedge beneath the rift and the neighboring lithospheres may be pervasively deformed at that stage, with an E-W trending lineation. (c) As proposed by Mattauer [1990] [Russo and Silver, 1994] . The closure and the cooling of the system likely resulted at present day in a complex upper mantle structure beneath the central part of the belt, derived from high-temperature mantle deformation, either in the deep lithosphere or in the asthenosphere trapped between the two lithospheric blocs during collision (Figure 6d ). Part of this hot mantle may have been incorporated into the lithosphere by cooling and part may remain beneath the NPZ. Although the present-day deformation of the Pyrenees is small, it may be accommodated by upper mantle flow. Therefore part of the recorded anisotropy may be related to active upper mantle deformation beneath the belt. Since the deformation regime of the Pyrenees did not change significantly since Eocene times, a possible anisotropy generated by present-day mantle flow beneath the Pyrenees cannot be distinguished from the previously developed fabric.
In summary, stations located in the Pyrenean Axial Zone (TRG, VIH, PON, LAR, and AUS) and in the North Pyrenean Zone (BSD, MLS, BDB, PYO, and RVH) may therefore likely record a "true" Pyrenean anisotropy, that is, an anisotropy related to either frozen or active Pyrenean tectonics.
Hercynian Anisotropy
Farther south (at GRF, AVL, RON, for instance), it is unlikely that the Pyrenean orogeny reactivated the whole upper mantle fabric (see discussion of Vauchez and Barruol [1996] ). A pre-Pyrenean origin of anisotropy is likely for these stations. As suggested by Arthaud and Matte [1977] and more recently by Gleizes et al. [1997] , the whole Pyrenean belt was involved in a broad zone of dextral strike slip motion during the late stage of the Variscan orogen (Figure 6a ). Field observations reveal the presence of an E-W trending zone of transpression, characterized by steeply dipping foliations, particularly in the eastern and central Pyrenees [Carreras and Cirès, 1986; Soliva, 1992] . Such a strikeslip regime of deformation is particularly efficient at generating large magnitude of anisotropy; first, because it may coherently deform the whole lithosphere and, second, because it creates steeply dipping foliations and horizontal lineations, a structural fabric that appears as the most anisotropic for a vertically propagating shear wave, both in the crust [Barruol and Mainprice, 1993] and in the upper mantle [Mainprice and Silver, 1993] .
At FRS in the southern Massif Central, although φ is roughly parallel to the Eurasian plate motion vector, it is also consistent with the Hercynian fabric. The axial zone of the "Montagne Noire" (see Figure 1 ) is composed of a gneissic dome elongated N070°E, parallel to a late Hercynian dextral strike slip fault [Bard, 1997; Nicolas et al., 1977] . The observed fast direction is parallel to the trend of the Hercynian crustal structure and may be compatible with frozen lithospheric deformation. However, the complex pattern of nulls obtained at this site suggests the presence of a complex structure beneath this site, such as dipping symmetry axis of anisotropy or several anisotropic layers. The asthenospheric mantle plume imaged by seismic tomography beneath the Massif Central can provide such an explanation.
Whether the anisotropy recorded in the Pyrenean Axial Zone (stations VIH and PON in the central Pyrenees, TRG in the eastern Pyrenees, and perhaps ORG, VIL, BRU, and ALB which are very close to its southern boundary; stations NE10, LAR, and RON in the western Pyrenees) is produced by Pyrenean or Hercynian frozen structures remain uncertain. These stations are close to the North Pyrenean Zone, and therefore their anisotropy may reflect the Pyrenean orogeny. The low-velocity strip beneath the Pyrenean Axial Zone (Figure 5a ) suggests the presence of low velocity material down to 50-100 km depth. If this low-velocity corresponds to crustal material, part of the total splitting at these stations may reflect deep crustal Pyrenean deformation. On the other hand, if this low-velocity zone corresponds to partial melting, as suggested by Pous et al. [1995] , part of the splitting may reflect the orientation of the melt films or pockets at depth. However, since the two deformations (Hercynian and Pyrenean) are expected to give similar anisotropy signatures, both effects may be present and cannot be distinguished by shear wave splitting analysis.
Conclusions
The three profiles along which teleseismic shear wave splitting is measured give a rather comprehensive view of upper mantle seismic anisotropy beneath the Pyrenean belt. At this scale, seismic anisotropy appears very homogeneous from both the fast split wave polarization direction (N100° to N110°E) and the amplitude of the observed delay times δt (generally above 1 s and often in the range 1.3 to 1.5 s). This clearly points out the existence of a rather large intrinsic anisotropy in the upper mantle.
From (1) the poor correlation of the observed anisotropy with the present-day plate motion, (2) the short-scale variation of the splitting parameters, (3) the parallelism of the fast wave polarization direction with the outcropping crustal structures, and (4) the good fit between the SKS anisotropy and the Pn anisotropy, we suggest that most of the anisotropy is located within the uppermost mantle, either frozen in the lithosphere or related to present-day upper mantle deformation beneath the central part of the belt. These structures may be related either to the Pyrenean or to the Hercynian orogeny.
We suggest that the stations located outside and on the external units of the belt record an anisotropy due to a regional-scale transcurrent Hercynian deformation. On the other hand, stations located on the North Pyrenean Zone and perhaps on the Axial Zone of the Pyrenees, the two units most affected by the Pyrenean tectonics, are compatible with upper mantle deformation due to the Pyrenean orogeny. The first episode of this orogeny is a sinistral strike-slip motion of Iberia relative to Eurasia that occurred during Albian times, 100 Ma, and generated elongated rift zones, associated with asthenospheric mantle upwelling. The second episode that may have affected the upper mantle structure is the N-S collision between the two plates that took place mainly during Eocene times, about 45 Ma. We propose that lateral mantle extrusion during the N-S closure of the rift may explain the large E-W anisotropy observed along the belt. Since the convergence regime did not change significantly since Eocene times, part of the anisotropy recorded in the central part of the belt may reflect an active upper mantle flow related to present-day tectonics.
No particularly large variation in anisotropy is correlated with the North Pyrenean Fault. This fault represents the former boundary between the Iberian and the Eurasian plates, along which the relative plate motions could have induced a local increase of deformation and anisotropy. This is not the case: The deformation along this fault is either too narrow at depth to be visible by the technique we use, or it is not stronger than the neighboring pervasive Pyrenean deformation.
